We reported recently that after a nutritional growth retardation, rats showed significant weight gain, central fat accumulation, dyslipidemia, and b-cell dysfunction during a catch-up growth (CUG) phase. Here, we investigated whether glucagon-like peptide-1 (GLP-1) ameliorated the rapid weight gain, central fat deposition, and b-cell dysfunction during the CUG in rats. Sixty-four male Sprague Dawley rats were stratified into four groups including normal control group, CUG group, catch-up growth with liraglutide treatment group, and catch-up growth with liraglutide and exendin 9-39 treatment group. Energy intake, body weight, and body length were monitored. Fat mass percentage was analyzed by dual energy X-ray absorptiometry scan. Plasma triglyceride and non-esterified fatty acid were measured. The b-cell mass was analyzed by morphometric analysis and signaling molecules were examined by Western blot and real-time PCR. Insulin secretion capability was evaluated by hyperglycemic clamp test. Liraglutide prevented weight gain and improved lipid and glucose metabolism in rats under CUG conditions, which were associated with reduced fasting insulin levels and improved glucose-stimulated insulin secretion. Improved b-cell function is found to be associated with increased b-cell replication as determined by b-cell density and insulin-Ki67 dual staining. Furthermore, liraglutide increased islet pancreatic duodenal homeobox-1 (Pdx-1) and B-cell lymphoma-2 transcript and protein expression, and reduced Procaspase-3 transcript and Caspase-3 p11 subunit protein expression, suggesting that expression of Pdx-1 and reduction of apoptosis may be the mechanisms involved. The therapeutic effects were attenuated in rats co-administered with exendin 9-39, suggesting a GLP-1 receptor-dependent mechanism. These studies revealed that incretin therapy effectively prevented fast weight gain and b-cell dysfunction in rats under conditions of nutrition restriction followed by nutrition excess, which is in part due to enhanced functional b-cell mass and insulin secretory capacity.
Introduction
Glucagon-like peptide-1 (GLP-1) is an incretin hormone released from the L cells of intestine in response to nutrient ingestion. 1 GLP-1 has a variety of biological effects. In pancreatic islets, GLP-1 stimulates insulin secretion while suppresses glucagon release in a glucose-dependent manner. 1, 2 GLP-1 promotes insulin synthesis and gene expressions. 3, 4 Moreover, GLP-1 stimulates b-cell replication and suppresses b-cell apoptosis under b-cell-injury conditions, which lead to enhanced functional b-cell mass at least in rodents [5] [6] [7] and possibly in human as well. 8 GLP-1-induced enhancement of b-cell mass may present a conceivable explanation underlying the incretin therapy that prevented or delayed the onset of type 2 diabetes in mice. 7 Clinical studies showed that in type 2 diabetes mellitus (T2DM) patients, the GLP-1 secretion or action is impaired, which is exemplified by the decreased postprandial GLP-1 secretion. 7, 8 Given its additional extrapancreatic actions including regulation of food intake and suppression of hepatic glucose production, GLP-1 has been proposed for treating T2DM 9 and potentially its complications. 10 GLP-1 has short half-life (1-2 min) due to rapid enzymatic degradation by dipeptidyl peptidase-IV (DPP4), therefore the DPP4 resistant long-lasting GLP-1 analogs or agonists have thus been developed and are clinically used for treating obese diabetic patients. 11 There is a tremendous increase in the prevalence of T2DM in newly developed and developing countries particularly since the past 30 years. 12 This is obviously attributed to the excessive energy intake as well as nutritional transitions in these populations. 13 This phenomenon, particularly, the rapid growth after a transient growth retardation is relevant to a condition clinically termed as ''catch-up'' growth that commonly leads to increased risks for metabolic diseases in adulthood. 14 Catch-up growth (CUG) is characterized by an accelerated growth rate following a period of growth retardation mainly caused by acute malnutrition or severe illness. 15 Epidemiological evidences suggest that catch-up growth in adult (CUGA) is an important causative factor for the widespread insulin resistance-related diseases such as T2DM and obesity, especially in developing countries. [16] [17] [18] [19] The underlying molecular mechanisms, however, remain unclear. The fat overaccumulation, particularly more central lipid distribution, as referred to as ''catch-up fat'' phenotype may contribute to the development of insulin resistance during the ''catch-up growth course.'' 19 Our recent observations showed that the nutrition promotion after undernutrition facilitates lipid overaccumulation causing dyslipidemia and insulin resistance in adult CUG rats. 20 Moreover, the b-cell and entero-insular axis function was found to be significantly impaired in these CUG rats, 21, 22 suggesting that the CUG-related T2DM is in part contributed by b-cell and entero-insular axis dysfunction.
Liraglutide, a long-acting GLP-1 analog, is currently clinically used for treating obesity and diabetes. In this study, we aimed to determine whether this GLP-1 analogue exerts protective effects on prevention of catch-up fat and b-cell dysfunction under catch-up growth conditions in rats.
Materials and methods

Animals
Six-week-old male Sprague Dawley rats (n ¼ 64; weight range 200-230 g) were purchased from the Tongji Experimental Animal Center, Wuhan, China. All animals were caged individually in a climate-controlled environment (temperature, 22 AE 1 C; relative humidity, 60%) with a 12-h light/dark cycle. The animals were fed with a standard chow diet (24% protein, 66% carbohydrates, and 10% fat) or high fat diet (HFD) (21% protein, 59% fat, and 20% carbohydrates) with free access to tap water. Total 64 rats were used after one-week adaptation to their housing environment and followed up to the regimens of feeding and treatment as described in Figure 1 . All procedures complied with guidelines were approved by the institutional animal care committee.
Animal model of CUG and treatment regimens
Seven-week-old rats (n ¼ 64) were randomly divided into a normal chow group (NC group; n ¼ 16) and a food restriction group (n ¼ 48) ( Figure 1 ). The NC group was fed ad libitum a standard chow diet as described before, whereas the food restriction group was fed with 60% of their normal chow intake for four weeks. At the end of the fourth week of food restriction phase, the food restriction group was further divided into three groups and received different treatments: one was given 0.9% saline (200 mg kg À1 , i.h., Bid) (CUG group, n ¼ 16), one was given liraglutide (Novo Nordisk, Copenhagen, Denmark) (200 mg/kg, i.h., Bid) (catch-up growth with liraglutide treatment [CUGL] group, n ¼ 16), and the other was given liraglutide and exendin 9-39 (CG55285, Raybiotech, Atlanta, USA) mixture (liraglutide 200 mg/kg, Ex9-39 100 mg/kg, i.h., Bid) (catchup growth with liraglutide and exendin 9-39 [CUGLE] group, n ¼ 16). The NC group also started to receive 0.9% saline (200 mg/kg, i.h., Bid). At the same time, all the rats in CUG, CUGL, and CUGLE groups were re-fed with a HFD consisting (by energy) of 21% protein, 59% fat, and 20% carbohydrates. After four weeks of re-feeding, all 16 rats in each group were decapitated. Changes in energy intake per day, body weight, and body length were determined once a day. Lee index was calculated as an index of obesity in rodents. 20 Lee index ¼ weight 1/3 (in g) Â 1000/nasoanal length (in cm).
Dual energy X-ray absorptiometry (DEXA) scan
At the end of week 4 and 8, eight rats in each group were anesthetized by sodium pentobarbital (35 mg/kg, Sigma-Aldrich, St Louis, USA) and body composition was measured using whole-body dual-energy X-ray absorptiometry scanning (DEXA; GE Linar Corp., Madison, WI).
Plasma biochemical profiles
Plasma samples were collected in eight rats from each group after overnight fasting at the end of week 8. Triacylglycerol and non-esterified fatty acid (NEFA) were measured using commercial kit (Jiancheng, Nanjing, China).
Islet isolation
Pancreatic islets were isolated as previously described. 23 Briefly, eight rats in each group were fasted for 15 h and anesthetized with sodium pentobarbital. After cardiac puncture, the pancreas was immediately removed and perfused in Krebs-Ringer solution. Then the pancreas was cut and digested by collagenase P (Roche Applied Science, Indianapolis, IN, USA). The solution was incubated in a 37 C water bath for homogenizing, and the islets were collected under a stereomicroscope. Then RNA and protein of islets were extracted for further use as described below.
Hyperglycemic clamp test
Hyperglycemic clamp tests were performed to evaluate the glucose-stimulated insulin secretory function of b-cells as described previously. 24 Briefly, eight rats in each group were overnight fasted at week 8, and tail artery and vein were cannulated with intravenous integrated catheters (24G Â 19 mm) filled with heparin-saline solution (50 IU heparin/mL). 20 The arterial and venous catheters were used for blood sampling and intravenous infusion, respectively. After an equilibrium with saline (À60 to 0 min), glucose was given as an intravenous bolus of 375 mg/kg over a 1-min interval and was subsequently infused as a 25% (wt/vol) solution in the amount needed to keep the plasma concentration at 11 mM. Blood samples were collected at 0, 5, 10, 15, 30, 45, 60 min to measure insulin and glucose levels. Insulin was measured by a radioimmunoassay kit (Ninetripods, Tianjing, China). Blood glucose was measured using a glucometer (One Touch Ultra, Lifescan, Milpitas, CA, USA).
Oral glucose tolerance test and insulin releasing test
At the end of week 8, an oral glucose tolerance was performed in eight rats from each group. The rats were fasted for 15 h, and the basal blood sample was collected. Then, the rats were gavaged with glucose (2.0 g/kg) and additional blood samples were collected at t ¼ 0, 15, 30, 60, and 120 min. Both glucose and insulin concentrations were measured in all blood samples. Plasma glucose was measured by a glucometer (One Touch Ultra, Lifescan, Milpitas, CA). Plasma insulin level was estimated by an insulin ELISA kit (EMD Millipore, Missouri, USA).
Immunohistochemistry analysis of b-cell mass, individual b-cell size, b-cell density, and b-cell proliferation
Eight rats from each group were euthanized by sodium pentobarbital, and the pancreas was immediately isolated, weighed, fixed, and embedded in paraffin. Sections were double stained by immunohistochemistry for insulin and Ki67 as previously described. 22 Briefly, for insulin, slides were incubated in mouse anti-insulin IgG (1:100; Maixin_Bio, Fujian, China) followed by peroxidase-3,3 0 -diaminobenzidine-conjugated gout anti-mouse IgG (Maixin_Bio, Fujian, China). For Ki67, slides were incubated in rabbit anti-Ki67 monoclonal antibody (1:100; Maixin_Bio, Fujian, China) followed by alkaline phosphatase-conjugated gout anti-rabbit IgG (Maixin_Bio, Fujian, China). Pancreatic images were visualized using a microscope equipped with a digital camera (Coolpix 950, Nikon, Japan) and the Image ProPlus Software (Media Cybernetics, Bethesda, MD, USA). The relative area of bcells was determined as the ratios between insulin-stained cells and the total area, expressed as percentages. Pancreatic b-cell mass was determined by multiplying the relative bcell area by the pancreas weight. 22, 23 The individual b-cell size was calculated via dividing the b-cell area by the number of nuclei. However, the actual b-cell number is probably higher than the number counted since not all bcells are sectioned across their nuclei, and the b-cell size may be overestimated. 25 b-cell density was determined by dividing the number of b-cell nuclei by total pancreas area. 25 Proliferative islet b-cells were expressed as the average percentage of Ki67þ b-cell per islet. 23 
RNA isolation and quantitative real-time PCR (RT-PCR)
Total RNA was isolated from islets of eight rats in each group, using the RNAprep pure tissue kit (DP431, Tiangen biotech, Beijing, China) and reverse-transcribed to cDNA by the TIANscript RT kit (KR104-02, Tiangen Biotech, Beijing, China). Primer sequences are listed in Table 1 . SYBR green-based RT-PCR was conducted in triplicate to evaluate gene expression using ABI prism 7900 RT-PCR System (Applied Biosystems). Data were normalized to the relative levels of b-actin mRNA transcripts in the same experiment and analyzed by ABI PRISM SDS 2.1 software.
Western blot analysis
Protein extracts from islets (20 mg from each rat) were subjected to Western blot analysis using mouse antipancreatic duodenal homeobox-1 (Pdx-1) monoclonal antibody (1:800; Cell Signaling Technology, Danvers, MA, USA), mouse anti-Caspase-3 p12 subunit monoclonal antibody (1:500, Boster Bio-Engineering, China), mouse anti-B-cell lymphoma (Bcl-2) polyclonal antibody (1:800, Bioworld, USA), and mouse anti-GAPDH antibody (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Detection of primary antibodies was performed using HRP-conjugated relevant secondary antibodies (1:15,000, Boster Bio-Engineering, China) and visualized by enhanced chemiluminescence (Pierce, Rockford, IL, USA).
Statistical analysis
To compare the early phase b-cell secretion function among each group, an empirical index was determined as the insulin/glucose incremental area ratio of the first 30 min during oral glucose tolerance test (OGTT) (ÁAUC I30 /ÁAUC G30 ). The index shows the ability of b-cell to increase its release rate in response to the glycemic stimulus during the early phase. 26 All data were presented as mean AE SEM. Statistical analysis was performed using two-way analysis of variance followed by the Student-Newman-Keuls post hoc test with SPSS 13.0 software (SPSS, Chicago, IL, USA). A value of p < 0.05 was considered statistically significant.
Results
Liraglutide attenuated fast weight gain in CUG rats
Rats showed tardy growth during a transient nutrition restriction, and upon re-feeding by HFD, rats rapidly Table 1 Primer sequences
Genes
Forward primers (5 0 -3 0 ) Reverse primers (5 0 -3 0 )
gained body weight (Figure 1(b) ), associated with steeply increased energy intake (Figure 1(c) ). Body length also increased after re-feeding, but relatively slow compared to body weight (Figure 2(a) ), which resulted in a much higher Lee index of CUG rats compared to control rats at the end of week 8 (Figure 2(b) ). Liraglutide treatment significantly reduced weight gain during the CUG, which was partially attenuated by co-administration of exendin 9-39 ( Figure  1(b) ). Interestingly, liraglutide did not prevent food intake in the first week of re-feeding; it however significantly decreased food intake in the remaining feeding course (Figure 1(c) ), consistent with its weight sparing effects. Exendin 9-39 significantly attenuated the liraglutide's effects on food intake (Figure 1(c) ), suggestive of GLP-1 receptor dependency. The body length of CUGL rats increased more slowly than CUG rats after re-feeding, but without any significance (Figure 2(a) ). At week 8, Lee index of CUGL rat was similar to NC rat, which was significantly lower than CUG and CUGLE rats (Figure 2(b) ).
Liraglutide prevented central obesity in CUG rats
At the end of week 4 and 8, we measured total body fat mass percentage (Figure 2(d) ) and trunk fat percentage (Figure 2 (c)) of eight rats in each group via DEXA scan. At week 4, body composition of all rats was the same. However, after four weeks of re-feeding, CUG rats showed significantly higher fat mass percentage and trunk mass percentage than NC ones. With liraglutide treatment, CUGL rats avoided such central fat deposition, while exendin 9-39 significantly attenuated the liraglutide's effects in CUGLE rats, suggesting of GLP-1 receptor dependency.
Liraglutide improved triglyceride (TG) and NEFA profiles in CUG rats 1.6-fold increase in plasma TG and NEFA levels. The increment of the plasma TG and NEFA was completely prevented by liraglutide treatment, which however was significantly antagonized by the co-treatment with exendin 9-39, suggesting that the beneficial effects of liraglutide in lowering plasma lipids were GLP-1 receptor dependent.
Liraglutide protected glucose tolerance and increased insulin secretion during the OGTT in CUG rats
After four weeks of catch-up, the HFD re-fed rats had impaired glucose tolerance, comparing to controls ( Figure  3(c) "AUC G of CUG versus "AUC G of NC, 1202 AE 77 mmol/L*min versus 898 AE 65 mmol/L*min, p < 0.01). Liraglutide protected glucose tolerance ("AUC G for CUGL 892 AE 75 mmol/L*min, p < 0.01 versus CUG), which was also interfered by exendin 9-39 co-infusion ("AUC G for CUGLE 1204 AE 74 mmol/L*min, p < 0.01 versus both NC and CUGL). The early phase insulin releasing ability of HFD re-fed rats was also injured (Figure 3(d 
Liraglutide improved b-cell secretion function in CUG rats
To assess whether the insulin secretion capacity after the four-week CUG feeding course in the rats treated with liraglutide is superior to those untreated rats, we analyzed insulin responses via hyperglycemia clamp studies in vivo, during which glucose was infused to maintain glycemia at $11 mmol/L for 60 min (Figure 3(a) ).
In the HFD re-fed rats, significantly higher plasma glucose concentrations relative to controls were detected during the basal period (À60 to 0 min, Figure 3(a) ). Liraglutide treatment maintained similar glucose levels of CUGL rats as controls in a GLP-1 receptor-dependent manner (Figure 3(a) ). However, after delivery of intravenous glucose bolus, identical glucose levels were achieved among all groups.
The insulin levels of HFD re-fed rats after glucose bolus were still less than controls, both for acute incremental rise (Figure 3 first phase "AUC insulin for CUG versus NC rats 1088.6 AE 160 mIU min/L versus 2017.7 AE 135 mIU min/L, p < 0.01). Liraglutide infusion sheltered CUGL rats from impaired insulin secretion (first phase "AUC insulin for CUGL rats 628.8 AE 38.2 mIU min/L, second phase "AUC insulin for CUGL rats 1842.45 AE 136 mIU min/L, both p < 0.01 versus CUG rats)) via GLP-1 receptor (first phase "AUC insulin for CUGLE rats 393.9 AE 42 mIU min/L, second phase "AUC insulin for CUGLE rats 1128.9 AE 145 mIU min/L, all p < 0.01 versus NC and CUGL rats).
Liraglutide promoted b-cell replication and survival in CUG rats
Upon four-week CUG by HFD feeding, rats showed significant expansion in the b-cell mass, which was comparable to controls. Liraglutide treatment did not show further enhancement of the b-cell mass in these CUG rats ( Figure  4(a) ). Pancreatic staining for Ki67 showed that caloric restriction decreased Ki67þ b-cell numbers in islets (Figure 4(d) ), whereas the CUG during HFD re-feeding significantly increased Ki67þ b-cells (Figure 4(d) ). It is noticeable that liraglutide treatment yields a further 43.5% increase in Ki67þ islet b-cells, which was however, diminished by exendin 9-39 co-administration ( Figure 4(d (Figure 4(b) , CUGL versus CUG: 231 AE 11 versus 284 AE 13, p < 0.01) compared with untreated HFD re-fed rats. The results indicate that the enhancement of b-cell mass in the CUG rats was mainly contributed by bcell hypertrophy, whereas with liraglutide treatment, the augment of b-cell mass was contributed by increment of b-cell number as the consequence of increased proliferation and reduced apoptosis. This implies that the enlargement of b-cell mass in liraglutide-treated rats may have superior secretory function compared with untreated rats under CUG conditions. The b-cell survival was evaluated by examining islet expression of Caspase-3 p12 subunit and Bcl-2 expressions at protein levels as well as Procaspase-3 and Bcl-2 at transcripts levels. RT-PCR showed increased islet Procaspase-3 but reduced Bcl-2 transcripts in the CUG rats, whereas liraglutide treatment reduced islet Procapase-3 mRNA while increased Bcl-2 mRNA expression ( Figure 5(b2) and (c2), both p < 0.01). Consistently, Western blot analysis showed that the CUG rats displayed increased islet Caspase-3 p12 subunit protein but reduced Bcl-2 protein expressions ( Figure 5(b1) and (c1), both p < 0.01). Remarkably, the liraglutide treatment significantly reduced islet Caspase-3 p12 subunit protein but increased Bcl-2 protein expressions comparing to untreated CUG rats (both p < 0.01).
Liraglutide increased islet cell Pdx-1 expression in CUG rats
It has been previously shown that Pdx-1 expression is essential for integrating GLP-1R-dependent signals in regulating islet b-cell growth, survival, and function. 45 We thus evaluated the b-cell Pdx-1 expression by RT-PCR and Western blot analysis using isolated islets. As shown, during the CUG, the pancreatic Pdx-1 expression levels both at protein ( Figure 5(a1) , p > 0.05) and transcript ( Figure 5(a2) , p < 0.01) were decreased compared to the control rats. Remarkably, liraglutide treatment significantly increased Pdx-1 transcript and protein expressions (CUGL versus CUG, both p < 0.01), which however was attenuated by exendin 9-39 co-administration (CUGL versus CUGLE, both p < 0.01).
Discussion
Our data demonstrated that after a temporary period of growth retardation through caloric restriction and a subsequent excessive nutrient feeding, the CUG rats displayed a rapid weight gain, central fat tissue accumulation, hyperlipidemia, elevated fasting insulin levels, and islet b-cell dysfunction. Remarkably, the rats receiving daily injections of liraglutide during the CUG showed weight sparing effects, prevented central fat deposition, improved lipid profiles, reduced fasting insulin levels, and improved b-cell glucose competence, suggesting that the incretin therapy provided beneficial effects in ameliorating metabolic disorders and b-cell dysfunction caused by excessive nutrients feeding during the CUG.
Numerous clinical studies suggested that CUG early in life is a major risk factor for later obesity, insulin resistance, T2DM, and the complications associated with this disease. [17] [18] [19] Our recent preclinical studies showed that the CUG after food restriction led to declined insulin secretion function, which is associated with reduced L cells number and lower plasma GLP-1 concentration in CUG rats. 22 Under such nutrition excess after nutrition restriction conditions, rats had elevated circulation cholesterol and free fatty acids, and the dyslipidemia as a chronic oxidative stressor appears as an contributor to the development of islet b-cell dysfunction. 22 Our current observations are consistent with our previous findings, and the outcome of this study further provided evidence supporting a notion that disturbance of the entero-insular axis as a consequence of declined GLP-1 secretion and b-cell dysfunction may be responsible for the increased risk of metabolic disorders during CUG after food restriction in rodents. 21 Since GLP-1 has both b-cell trophic effects and extrapancreatic effects, the improved metabolic conditions in the CUG rat might also be contributed by the incretin-mediated improvement of lipid metabolism. 27 Notably, the CUG rats, whether they received liraglutide daily injections or not, showed significantly increased b-cell mass. The enlarged b-cell mass in both groups was volumetrically comparable. However, further morphometric analysis showed that the increased b-cell mass of untreated CUG rats was mainly due to b-cell hypertrophy, whereas the liraglutide-treated rats showed increase in b-cell number, as a consequence of increased b-cell proliferation and reduced apoptosis. Regulation of functional b-cell mass homeostasis either by increasing or decreasing is an important mechanism in the control of glucose homeostasis. 28 In the early development of insulin resistance and diabetes, an appropriate enhancement of functional b-cell mass appears to be sufficient to prevent the onset of diabetes in rodent diabetes models 7,28,29 and potentially in humans with this disease. 30, 31 However, the observations of b-cell hypertrophy together with elevated fasting insulin levels suggest that the untreated CUG rats attempted to enhance their bcell function to compensate the increasing demand for insulin due to excessive nutrition intake caused by insulin resistance. Unfortunately, the enlargement of b-cell volume alone seemed not enough to compensate for the increasing metabolic demands. Moreover, since the b-cell hypertrophy is often associated with impaired b-cell secretion function 32 and decreased gene expressions for insulin and some crucial transcription factors including Pdx-1, 33 the b-cell hypertrophy in CUG rats may lead to b-cell decompensation and finally a profound reduction in b-cell mass. 34 In our study, we also observed that the enhanced b-cell mass in liraglutide-treated CUG rats was associated with increased b-cell proliferation as determined by pancreatic insulin-Ki67 dual staining and decreased b-cell apoptosis as evaluated by islet Bcl-2 and Caspase-3 levels. Although the degree of enhanced b-cell mass in liraglutide-treated CUG rats was comparable with those of untreated rats, pancreata morphometric analysis showed that the liraglutide-treated rats displayed increased b-cell density per islet area. This suggests that the incretin enhances functional b-cell mass through stimulation of b-cell replication, which may provide beneficial effects to these rats in the context of b-cell functions. This notion is at least in part supported by our hyperglycemic clamp data showing that liraglutide-treated rats had improved insulin secretory function in response to glucose challenge. Increased b-cell mass and turnover by incretin therapy is well documented in rodents, and it appears an important mechanism underlying incretin effects in preventing diabetic hyperglycemia in diabetesprone animals. 7, 28, 29 Autonomously, the enhancement of b-cell mass is obvious in rodents, particularly under physiological conditions such as pregnancy 35 or under obese insulin resistant conditions. 7 Studies using human autopsy pancreas showed that b-cell mass remarkably increased with obesity. 36 However, it is worth to note that the b-cell replication is only detectable in lean humans but not in obese humans. 36 The explanation behind why the CUG rats showed enlarged b-cell mass without increased b-cell Figure 5 Effects of HFD catch-up growth and liraglutide treatment on b-cell function and apoptosis. Pdx-1 protein (a1) and mRNA (a2) levels of islets at the end of week 8. Pdx-1 protein levels of islets were assessed by Western blot and the results were expressed as the ratios of Pdx-1 and GAPDH. The Pdx-1 mRNA levels were detected by qPCR and expressed as the ratios of Pdx-1 and b-actin. Protein levels of Bcl-2 (b1) and Caspase-3 p 12 subunit (c1) were detected by Western blot and the results were expressed as the ratios of Caspase-3 p12 subunit or Bcl-2 with GAPDH. The mRNA levels of Bcl-2 (b2) and Procaspase-3 (c2) were expressed as the ratios of Proaspase-3 or Bcl-2 with b-actin. All the results are expressed as mean AE SEM. *p < 0.01 versus the NC group; #p < 0.01 versus the CUG group; &p < 0.01 versus the CUGL group replication is unclear. It is presumably the obesity-associated dyslipidemia that may act as a b-cell stress factor which somehow suppresses b-cell growth. 37 Our finding suggests that liraglutide provides beneficial effects in improving metabolic status and b-cell function in CUG rats which is mediated by GLP-1 receptor as the GLP-1 receptor antagonist exendin 9-39 significantly attenuated the effects of liraglutide. Activation of GLP-1 receptor leads to activation of signaling pathway involving PI3K/Akt 7, 38 and its potential downstream molecule Pdx-1. 39 Pdx-1 is a transcription factor essential for fetal pancreogenesis 40, 41 as well as differentiation and maturation of adult islet cells through regulating genes including insulin, glucokinase, and GLUT2. 42 Previous studies showed that activation of Pdx-1 is essential for mediating GLP-1 action on promotion of b-cell growth, survival, the expansion of b-cell mass, and b-cell function. 1, [43] [44] [45] Our observations that liraglutide treatment increased Pdx-1 expression in islets from CUG rats may be in part responsible for GLP-1 receptor-mediated pancreatic beneficial effects, namely the enlargement of functional b-cell mass and improved insulin secretory capacity under nutrition excess conditions. Treatment with liraglutide showed significant weight sparing effects, prevented central fat deposition, and improved lipid profiles in rats during HFD CUG after food restriction which are consistent with other studies in normal and obese animals 46 as well as in human with T2DM. 47 Mild to moderate nausea and vomiting are the main side effects of liraglutide, which are often transient. Although nausea may contribute to weight loss, the combined effects on energy intake and energy expenditure are the most widely accepted mechanisms for liraglutide caused weight control. 48 Liraglutide treatment improved b-cell glucose competence exemplified by increased insulin secretion during a hyperglycemic clamp test compared with untreated CUG rats which showed elevated fasting insulin levels but declined first-phase and second-phase insulin secretion during the course of glucose infusion. It is known that declined first-phase insulin secretion is an early sign of bcell dysfunction. 49 In a CUG mouse model, mice that underwent low birth weight due to maternal malnutrition showed basal hyper-secretion of insulin but completely lack responsiveness to glucose during the CUG feeding course. 50 It is interesting to note that the rats in the early stage of CUG (i.e. at one week re-feeding) after a two-week semi-starvation showed basal hyper-secretion of insulin but yet maintained b-cell glucose responsiveness as determined by the in situ pancreas perfusions and in isolated islet perfusion test, 51 suggesting the duration of CUG determines the deteriorating extent of b-cell function. The impaired bcell glucose competency appears in part contributed by accelerated rate of fat deposition named catch-up fat. 51 A long-term increase of NEFA elevates the basal insulin level and blunts islet response to glucose. 52 Significantly elevated NEFA levels were found in HFD-fed (this study) and normal chow-fed CUG rats, associated with increased ROS accumulation, 22 which causes mitochondria stress and ultimately leads to b-cell apoptosis. 53, 54 Importantly, the incretin therapy ameliorated these defects in CUG rats.
In the present study, we observed that liraglutide preserved b-cell function and have a beneficial effect in weight control of the CUGA rats. Moreover, both effects of liraglutide were GLP-1 receptor dependent. However, we were not able to distinguish whether the b-cell protection effect of liraglutide was directly regulated via GLP-1 receptor in bcells or indirectly regulated via body weight control. A recent published paper that studied the neuronal or visceral nerve-specific Glp1r knock-out in mice with liraglutide treatment found that the body weight suppressive effect of liraglutide was eliminated by neuronal Glp1r deletion. 56 Meanwhile, there was still an improvement in glucose tolerance under liraglutide treatment. 55 However, in their study, islet function was assessed by evaluation of insulin level after a glucose challenge at only one time point, which is the 15-min time point. Thus, they do not find the effect of liraglutide on insulin secretion and fail to assess the impact of the neuronal Glp1r deletion on b-cells function. Further study is needed for us to clarify the direct and indirect effects of liraglutide on b-cell function by using either neuronal and/or b-cell-specific Glp1r knock-out CUGA model.
In conclusion, the present study investigated the effects of liraglutide, the long-lasting GLP-1 analog, on HFDinduced CUG rats. Our studies revealed that CUG rats displayed a rapid weight gain, fast central fat accumulation, hyperlipidemia, elevated fasting insulin levels, and islet bcell dysfunction, while the rats receiving liraglutide treatment during the CUG showed weight sparing effects, prevented central fat deposition, improved lipid profiles, reduced fasting insulin levels, and improved b-cell glucose competence, suggesting that incretin therapy effectively prevented fast weight gain and b-cell dysfunction in HFD-induced CUG rats, and the underlying mechanisms include enhanced functional b-cell mass and insulin secretion capacity. Further research is required to compare other T2DM therapies with GLP-1 analog in CUG models, which may help us find a more promising protection strategy for adults undergoing CUG. 
